diabetes (Kolb and Mandrup-Poulsen 2010) . The entry of periodontal pathogens into the bloodstream, which enhances systemic inflammation, is considered a plausible mechanistic explanation for the impact of periodontitis on diabetes (Chapple and Genco 2013) .
Diabetic subjects have an excess mortality risk mainly due to CVD as compared with nondiabetic subjects (Jansson et al. 2010) , and about every second diabetes patient finally dies because of CVD (Morgan et al. 2000) . Moreover, because diabetes and periodontitis are both considered as having an effect on CVD and mortality via systemic inflammatory processes, the possibility of interaction or mediation due to common pathways was raised (Saremi et al. 2005; Demmer et al. 2008; Southerland et al. 2012) . But so far, there is little knowledge on the interplay of periodontal destruction and diabetes regarding mortality. Thus, based on longitudinal data from the Study of Health in Pomerania (SHIP), we investigate how periodontal destruction and diabetes act together in relation to all-cause and CVD mortality and whether diabetes may represent a mediator for the effects of periodontal disease.
Materials and Methods

Study Population
SHIP is a longitudinal population-based health survey in West Pomerania, a region in northeast Germany (John et al. 2001 ). The total population in West Pomerania is 212,157 inhabitants. A 2-stage cluster sampling was adopted from the WHO MONICA Project (Monitoring of Trends and Determinants in Cardiovascular Disease), Augsburg, Germany (Keil et al. 1998) . Accordingly, Caucasian subjects with German citizenship and main residency in the study area were randomly sampled within twelve 10-y age strata for both sex, each including 292 subjects. The remaining sample (excluding emigrated or deceased) comprised 6,265 eligible subjects, of which 4,308 finally participated (response rate, 68.8%). The study protocol was approved a priori by the local Ethics Committee of the University of Greifswald and written informed consent obtained from each participant.
Baseline examinations were performed in 1997 to 2001 and included computer-assisted health-related interviews, dental and medical examinations, and risk factor-related questionnaires. Of 4,308 individuals (2,116 men), 499 were edentulous. An oral examination was not available for 20 participants. Furthermore, clinical attachment level (CAL) was not assessed in 222 persons, because all teeth were crowned. Due to missing data on covariates (n = 207) and exclusion of individuals with self-reported cancer (n = 32), 3,327 participants with complete data were left for final analyses (Appendix Fig. 1 ). All participants gave written informed consent, and the study protocol was approved a priori by the local Ethics Committee.
Mortality Follow-up
Information on vital status was collected at annual intervals from study enrollment date to September 20, 2011. Subjects got censored at death, failure to follow-up, or end of follow-up.
The number of months between recruitment and censor date was used as a follow-up period. The mean ± SD duration of follow-up was 11 ± 1.73 y. Death certificates were requested from the local health authority at the place of death and coded by a certified nosologist according to the International Classification of Diseases, Tenth Revision. Additionally, 2 internists independently validated the underlying cause of death and performed a joint reading together, with a third internist in cases of disagreement.
Periodontal Status
Periodontal measurements were obtained at 4 sites per tooth (mesiobuccal, midbuccal, distobuccal, and midlingual/midpalatal) according to the half-mouth method, alternating the left and right sides and excluding third molars. A periodontal probe was used (PCP-11; Hu-Friedy). Periodontal examinations comprised assessment of probing depth and CAL. Probing depth was measured as the distance between the free gingival margin and the cementoenamel junction. CAL equals the distance between the cementoenamel junction and the pocket base. Where the determination of the cementoenamel junction was indistinct (e.g., wedge-shaped defects, fillings, or crown margins), CAL was not recorded. Measurements were mathematically rounded to the nearest millimeter. Periodontitis was assessed as the percentage of sites (extent) with CAL ≥3 mm and mean CAL on subject level. The number of missing teeth was counted excluding third molars.
Selection of Covariates
To model the putative association among exposure, outcome, and covariates in the present study, directed acyclic graphs (DAGs) were used (Appendix Fig. 2 ). DAGs are used to model the causal structure that is thought to underlie the exposureoutcome association of interest (Akinkugbe et al. 2016 ) and thereby minimize bias in confounder selection (Merchant and Pitiphat 2002) . Upon proper specification of the DAG, an optimized set of confounders can be achieved (Weng et al. 2009 ). Furthermore, DAGs performed equally or superior to conventional selection methods, such as change-in-estimate and stepwise regression procedures (Weng et al. 2009 ). However, they often provide ≥2 optimized confounder sets (Schwahn et al. 2013) . For the present analyses, we constructed a series of slightly different DAGs (e.g., inclusion/exclusion of arrows with limited evidence) to identify a robust confounder set. Finally, with periodontal destruction as the exposure and mortality as the outcome, the minimal sufficient adjustment set for the primary DAG (Appendix Fig. 2 ) included the following: age, sex, socioeconomic status, obesity, smoking, physical activity, and oral health behavior.
Measurement of Covariates
Information on age, sex, and education (<10, 10, or >10 y of education) were taken from the interview. The monthly income was divided by the square root of the household size (Kawachi and Kennedy 1997) and categorized into tertiles. Oral health behavior was assessed with the question "How often have you been to the dentist in the last 12 mo?" Smoking status was categorized as never, current, or former smokers. Study participants were considered as being physically active if they did >1 h of physical exercise per week over summer or winter. Body mass index was categorized as normal weight (<25 kg/m 2 ), overweight (25 to 29.9 kg/m 2 ), and obesity (≥30 kg/m 2 ) according to the WHO (2000) criteria. Diabetes mellitus was defined as self-reported physician's diagnosis, treatment with insulin or antidiabetic medication (Anatomical Therapeutic Chemical Classification System code A10), or HbA1c level ≥6.5% or nonfasting blood glucose level ≥11.1 mmol/L.
Statistical Analyses
Summary statistics of baseline characteristics for the study sample were computed as mean ± SD or as number and percentage (Table 1, Appendix Table 1 ). Multivariable Cox proportional hazard models were used to evaluate the association between periodontal variables and all-cause mortality. The proportional hazards assumption was evaluated graphically and with χ 2 tests based on Schoenfeld's residuals. All models were adjusted for the minimal sufficient adjustment set, which was derived from DAG analyses.
The standard Cox proportional hazard model is not appropriate for identifying risk factors for the cumulative incidence of specific events in the presence of competing risks (Kim 2007) . Since selection bias may be introduced by excluding subjects with competing events (Hernan et al. 2004 ), competing risk hazard models based on Fine and Gray (1999) were fitted for CVD mortality analyses. In these models, CVD mortality was set as the primary event of interest, and death from another cause was treated as the competing event. Accordingly, subhazard ratios were reported.
We additionally ran interaction models to analyze the joint effect of periodontal destruction and diabetes on the risk of allcause or CVD mortality. Accordingly, interaction effects were reported on the additive and multiplicative scales. Regarding additive interaction, the relative excess risk due to interaction (RERI) was calculated. Besides adjustment for baseline covariates, time-varying covariates were also considered to thoroughly explore the strength of relationships.
Moreover, mediation models were built to analyze whether periodontal destruction has an indirect effect on mortality via diabetes. Following the concepts of MacKinnon et al. (2007) and Valeri and Vanderweele (2013) , we estimated the direct, indirect, and marginal total effects. However, these estimated direct and indirect effects may be interpreted as causal only if certain assumptions hold (e.g., no unmeasured confounders) and models are specified correctly (VanderWeele and Vansteelandt 2009). We followed the chronologic sequence of exposure, mediator, and outcome by measuring periodontal destruction at SHIP-0 and diabetes at SHIP-1 (5 y later). In doing so, mediation analyses were restricted to subjects who survived longer than SHIP-1 examination (2,452 subjects with complete data). All analyses were performed with Stata/MP 12.1 (StataCorp 2011). We used the additional Stata module PARAMED (Emsley and Liu 2013) for mediation analyses.
Results
Baseline Characteristics
During the mean follow-up period of 11 y (36,701 personyears), a total of 181 men and 82 women died (63 men and 26 women from CVD). The mean age at baseline was 44.5 ± 14.4 y for survivors and 63.7 ± 12.2 for nonsurvivors. As compared with survivors, nonsurvivors were more often male, less educated, more likely to have diabetes, more often obese, less often physically active, and more likely smokers, and they had a worse periodontal status and fewer teeth (Table 1) .
Association between Periodontal Measures and All-Cause Mortality
In fully adjusted Cox models, all periodontal measures were associated with increased all-cause mortality. Obtained hazard ratios were 1.01 (95% confidence interval [95% CI]: 1.002 to 1.01) for extent of CAL ≥3 mm, 1.10 (95% CI: 1.03 to 1.18) for mean CAL, and 1.03 (95% CI: 1.01 to 1.04) for missing teeth (Table 2) . Regarding interaction analysis, no evidence was observed for a multiplicative interaction of periodontal destruction and diabetes (hazard ratio = 1, P ≥ 0.76). For additive interaction, RERIs were consistent regarding their algebraic sign (all positive) but very small concerning their absolute value (extent of CAL = 0.01, mean CAL = 0.08, missing teeth = 0.03). Indirect effects of periodontal destruction on all-cause mortality could not be observed (relative risk = 1, P ≥ 0.50). Time-varying covariate analyses revealed more or less the same results as compared with baseline covariates adjustment (mean CAL = 1.11, 95% CI: 1.05 to 1.18; missing teeth = 1.03, 95% CI: 1.01 to 1.04; Appendix Table 3 ).
Association between Periodontal Measures and CVD Mortality
In the same manner, competing risk models (Table 3) showed associations between dental variables and CVD mortality that were similar to those for all-cause mortality (subhazard ratios: extent of CAL = 1.01, mean CAL = 1.10, missing teeth = 1.02). Interaction analyses revealed no evidence of an additional increase in CVD mortality. In mediation analyses, as for allcause mortality, indirect effects of periodontal destruction on CVD mortality via diabetes could not be substantiated, while the respective relative risks equaled 1. Again, time-varying covariate analyses produced similar results (mean CAL = 1.06, 95% CI: 0.95 to 1.18; missing teeth = 1.01, 95% CI: 0.98 to 1.05; Appendix Table 4 ).
Discussion
In the present study, we observed associations between different dental variables and all-cause and CVD mortality after accounting for potential confounders. However, clear evidence toward interaction effects between periodontitis and diabetes could not be identified.
The estimated effects of periodontal destruction on allcause mortality were modest, though consistent for all dental variables. In fully adjusted multivariable Cox models, a 1-mm increase in mean CAL was associated with a 10% higher risk of all-cause mortality, and a 1% increase in extent of periodontal sites with CAL ≥3 mm was also associated with a 1% increase in mortality risk. Analogous analyses for CVD mortality showed similar patterns. Assessment of these associations with time-varying covariate analyses led to similar results as baseline covariate adjustment. All observed associations persisted after further adjustment for hypertension and dyslipidemia in both all-cause (Appendix Tables 2, 5) and CVD mortality analyses (data not shown).
Overall, our findings regarding the relationship between periodontal destruction and mortality are in agreement with previous studies (Ajwani et al. 2003; Soder et al. 2007; Xu and Lu 2011; Janket et al. 2014) . But the absence of any convincing evidence of interaction between periodontal variables and diabetes on mortality did not meet our expectations based on their known common inflammatory mechanisms. From a public health perspective, Rothman et al. (2008) suggested the usage of the additive scale to assess interaction. A positive departure from the additivity of effects implies that the number of events attributable to a combination of 2 hazards is larger than the sum of the numbers of events that would be associated with the individual risk factors separately (Blot and Day 1979) . Since the obtained RERIs from our interaction analyses on the additive scale were close to 0, we observed no convincing evidence for a joint effect beyond the sum of individual effects. However, these results seem less surprising against the backdrop of findings from 2 previous studies. In a crosssectional study of 6,048 persons aged 52 to 74 y (Southerland et al. 2012) , the effects of diabetes and periodontitis on the risk of different CVD-related end points were evaluated. In fact, diabetes patients with severe periodontitis showed significant odds for having an intima-media thickness >1 mm (odds ratio [OR] = 2.2), acoustic shadowing (OR = 2.5), or coronary heart disease (OR = 2.6) as compared with individuals having neither diabetes nor periodontitis. In this analysis, no significant ORs were found for diabetes or periodontitis alone. But Southerland et al. (2012) reported that tests for interaction between diabetes and severe periodontitis on elevated intimamedia thickness, prevalent coronary heart disease, and shadowing were nonsignificant. Since these results seem quite ambivalent, they may not be taken as comprehensive evidence for the presence of interaction. In the second study on this topic, 204 death cases were observed during a median followup time of 11 y in a cohort comprising 628 diabetic Pima Indians (Saremi et al. 2005) . Individuals having diabetes and severe periodontal disease had a 3.2-times greater risk of cardiorenal mortality versus those having diabetes with no, mild, or moderate periodontitis (Saremi et al. 2005) . Since no reference group of Pima Indians without diabetes was included, no conclusions toward an overall interaction between periodontitis and diabetes were possible. Furthermore, interaction terms between periodontitis and duration of diabetes were nonsignificant (Saremi et al. 2005) . Since there are notable differences in population characteristics and access to medical care between Pima Indians and Caucasian Germans, the comparability of findings is very limited. But it appears that there may be no additional increase in the risk of mortality due to the interaction of periodontitis and diabetes besides the sum of their individual effects.
Concerning the presented results from our mediation analyses (Tables 2, 3) , it was surprising that the indirect effects of periodontal destruction on mortality via diabetes were so small. Even without the existence of interaction regarding mortality, some mediation via diabetes would be expected according to the current consensus in the literature that periodontitis impairs glycemic control. In the National Health and Nutrition Examination Survey 1, baseline periodontitis represented an independent predictor of incident diabetes in a populationbased sample of 9,296 subjects aged 25 to 74 y (Demmer et al. 2008) . Moreover, severe periodontitis was significantly associated with prevalent impaired glucose tolerance (OR = 1.93) in a cross-sectional study among 1,165 adults without diabetes (Arora et al. 2014) . Using SHIP data, Demmer et al. (2010) analyzed the association between periodontitis and 5-y progression in HbA1c in 2,973 diabetes-free participants. They observed an average HbA1c increase of 0.11% for the highest periodontitis category (highest percentage of sites with CAL ≥5 mm), compared with 0.02% for the lowest category.
The reason why there was no evidence for mediation in our analyses may be seen in the characteristics of study participants having diabetes. As presented in Table 1 , baseline HbA1c levels differed significantly across survivors and nonsurvivors for the complete cohort but not among those having diabetes. About 50% of individuals with diabetes had good metabolic control at baseline irrespective of survival status, and the average HbA1c among individuals with diabetes was about 7.2%. Analogously, for higher quartiles of mean CAL, baseline HbA1c levels were increased in the complete sample but stable in diabetics (Appendix Table 1 ). During the 5-y follow-up (SHIP-1), individuals with prevalent diabetes at baseline were probably treated to a large extent, which is why HbA1c levels for the surviving individuals having diabetes were lower at follow-up (n = 195, ΔHbA1c = −0.3; Appendix Table 6 ). Regarding study participants with incident diabetes at SHIP-1, those who died had higher HbA1c at baseline before they were diabetes patients than did those who survived (survivors = 5.8, deaths = 6.1), but both groups showed a cosiderable increase in HbA1c until SHIP-1 (survivors = 0.8, deaths = 0.9). These results may suggest that, in the SHIP cohort, most individuals with diabetes are well controlled regarding their HbA1c. Hence, among the majority of our diabetes patients, glycemic control may not have been altered by periodontal infection during the follow-up time and therefore prevented diabetes-mediated effects on mortality. Similarly, the number of patients with uncontrolled diabetes, whose metabolic control could have been impaired by periodontitis, may have been too small in our sample and thereby limited statistical power. However, there is evidence suggesting that HbA1c has a J-shaped relationship with mortality risk among diabetes patients (Arnold and Wang 2014) . Hence, results might be different if individuals with more uncontrolled diabetes were investigated. Another possibility would be that the consequences of periodontitis-related worsening of glycemic control among diabetes individuals may not be inherently strong enough to be verified by statistical analyses or reach clinical relevance. Further epidemiologic studies will be needed to clarify this aspect.
To the best of our knowledge, this study is the first to analyze the additive interaction of periodontal destruction and diabetes on the risk of mortality as well as the possibility of mediation via diabetes. In doing so, important confounders were identified via DAGs and considered in all statistical models. Moreover, different statistical modeling approaches were performed to assess changes in the association of interest due to model selection. On top of these, the large sample size (as compared with previous studies) and the long follow-up period count among the strengths of this study. Some limitations have to be mentioned as well. Many individuals had to be excluded from analyses for different reasons, which could have led to selection bias (Hernan et al. 2004 ) and lower power for statistical tests. Similarly, we considered a very hard clinical end point (death), which was not likely to occur with high frequency in a population-based sample aged 20 to 81 y. As a result, the explanatory power is somehow limited, especially in consideration of CVD mortality as an outcome. In addition, the low prevalence of severe periodontal destruction and diabetes could preclude mediation effects (Fritz et al. 2015) . Finally, we could not entirely exclude unexplained variations due to residual confounding, because periodontal status, diabetes, and mortality may relate to other unaccounted factors.
To conclude, this study confirms the association of periodontal destruction with all-cause and CVD mortality based on SHIP data. However, despite their well-known reciprocal relationship, no evidence for interaction or mediation of dental variables and diabetes on mortality was observed; rather, their combined impact on the risk of dying may equal the sum of their individual effects. Since this study is based on 263 death cases relative to 36,701 person-years in a population-based cohort with good access to medical care, much larger studies and meta-analyses are required to provide a comprehensive overview on the interplay of periodontal destruction and diabetes on mortality end points.
